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Distinct Prominent Roles for Enzymes of Plasmodium berghei Heme
Biosynthesis in Sporozoite and Liver Stage Maturation

Zaira Rizopoulos,? Kai Matuschewski,®"® Joana M. Haussig?

Parasitology Unit, Max Planck Institute for Infection Biology, Berlin, Germany? Department of Molecular Parasitology, Institute of Biology, Humboldt University, Berlin,
Germany®

Malarial parasites have evolved complex regulation of heme supply and disposal to adjust to heme-rich and -deprived host envi-
ronments. In addition to its own pathway for heme biosynthesis, Plasmodium likely harbors mechanisms for heme scavenging
from host erythrocytes. Elaborate compartmentalization of de novo heme synthesis into three subcellular locations, including
the vestigial plastid organelle, indicates critical roles in life cycle progression. In this study, we systematically profile the essenti-
ality of heme biosynthesis by targeted gene deletion of enzymes in early steps of this pathway. We show that disruption of endog-
enous heme biosynthesis leads to a first detectable defect in oocyst maturation and sporogony in the Anopheles vector, whereas
blood stage propagation, colonization of mosquito midguts, or initiation of oocyst development occurs indistinguishably from
that of wild-type parasites. Although sporozoites are produced by parasites lacking an intact pathway for heme biosynthesis,
they are absent from mosquito salivary glands, indicative of a vital role for heme biosynthesis only in sporozoite maturation.
Rescue of the first defect in sporogony permitted analysis of potential roles in liver stages. We show that liver stage parasites ben-
efit from but do not strictly depend upon their own aminolevulinic acid synthase and that they can scavenge aminolevulinic acid
from the host environment. Together, our experimental genetics analysis of Plasmodium enzymes for heme biosynthesis exem-

plifies remarkable shifts between the use of endogenous and host resources during life cycle progression.

H eme is a ubiquitous iron-porphyrin complex that serves as a
cofactor of hemoproteins, such as globins, catalases, and cy-
tochromes (1). The iron component of heme permits the binding
of diatomic gases, as well as unique enzymatic redox reactions
based on its reduction potential from the oxidized ferric (Fe’ ™) to
the reduced ferrous (Fe* ") state (1). Thus, heme mediates funda-
mental biological processes, including oxygen transport, antioxi-
dant responses, and cellular respiration, and is, therefore, indis-
pensable for virtually all living organisms. Exceptions, like the
parasitic kinetoplastid flagellate Phytomonas serpens that can sur-
vive in the complete absence of heme (2), are rare. As a result of
this nearly universal dependence on heme, two complementary
strategies for heme acquisition have evolved; heme scavenging
and de novo heme biosynthesis.

Plasmodium parasites are the causative agents of malaria and
have adapted to an intraerythrocytic lifestyle during blood infec-
tion, the exclusive pathogenic phase of the parasite life cycle.
Erythrocytes make up the largest pool of heme in the human body,
as they are rich in hemoglobin. In turn, hemoglobin constitutes
the major source of amino acids for developing blood stage para-
sites, which import and digest almost all host hemoglobin, liber-
ating large amounts of heme (3). Free heme acts as a biological
Fenton reagent and can thus damage organic molecules by oxida-
tion (4). Therefore, Plasmodium needs to detoxify free heme by
biopolymerization to a crystalline pigment termed hemozoin (5).
Accordingly, Plasmodium parasites have evolved a convoluted
regulation of heme metabolism to adjust to heme-rich and heme-
deprived host environments during their complex life cycle (6).

Plasmodium has the capacity to produce its own heme and
possesses all necessary enzymes for de novo heme biosynthesis (7).
Plasmodium heme biosynthesis is unique to its phylum, since it
extends to three cellular compartments, i.e., the cytoplasm, the
mitochondrion, and the apicoplast (8). The apicoplast is a relict,
nonphotosynthetic plastid found in most apicomplexan parasites
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and originates from a secondary endosymbiotic event (9). Three
Plasmodium falciparum enzymes of the heme biosynthesis path-
way localize to this organelle: (i) 8-aminolevulinic acid dehydra-
tase (ALAD) (10), (ii) porphobilinogen deaminase (PBGD) (11),
and (iii) uroporphyrinogen III carboxylase (UROD) (12) (Fig.
1A). The potential advantage for compartmentalization of these
three enzymes, which are typically cytoplasmic, remains enig-
matic. All other enzymes in the pathway, such as the mitochon-
drial aminolevulinic acid synthase (ALAS), which catalyzes the
first and rate-limiting step, display a standard subcellular distri-
bution between mitochondrion and cytoplasm (13-15) (Fig. 1A).

Several putative Plasmodium hemoproteins have been identi-
fied bioinformatically (7) or by studies of in vitro binding to re-
combinant proteins (6). However, the biological significance of
most of these proteins and their interaction with heme remains
largely unknown. To date, heme is considered to be primarily
required by cytochromes of the electron transport chain (ETC) for
mitochondrial respiration (8, 16). The Plasmodium ETC has long
been recognized as a vulnerable target for antimalarial drugs (17,
18). Atovaquone-proguanil, which is primarily used for presump-
tive treatment during short-term visits to countries where malaria

Received 25 February 2016 Returned for modification 9 April 2016
Accepted 29 August 2016

Accepted manuscript posted online 6 September 2016

Citation Rizopoulos Z, Matuschewski K, Haussig JM. 2016. Distinct prominent roles
for enzymes of Plasmodium berghei heme biosynthesis in sporozoite and liver
stage maturation. Infect Immun 84:3252-3262. doi:10.1128/IA1.00148-16.

Editor: J. H. Adams, University of South Florida
Address correspondence to Zaira Rizopoulos, rizopoulos@mpiib-berlin.mpg.de.

Supplemental material for this article may be found at http://dx.doi.org/10.1128
/IAL.00148-16.

Copyright © 2016, American Society for Microbiology. All Rights Reserved.

November 2016 Volume 84 Number 11

1senb Aq 6T0Z ‘T AInc uo /6o wse rel//:.dny wol) papeojumog


http://dx.doi.org/10.1128/IAI.00148-16
http://dx.doi.org/10.1128/IAI.00148-16
http://dx.doi.org/10.1128/IAI.00148-16
http://crossmark.crossref.org/dialog/?doi=10.1128/IAI.00148-16&domain=pdf&date_stamp=2016-9-6
http://iai.asm.org
http://iai.asm.org/

Profiling Essentiality of Plasmodium Heme Biosynthesis
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FIG 1 Ubiquitous expression of three Plasmodium berghei genes that encode early steps of heme biosynthesis. (A) Overview of the Plasmodium heme biosyn-
thesis pathway. Heme (red) is synthesized from eight molecules of 8-aminolevulinic acid by sequential enzymes distributed in the mitochondrion (yellow), the
apicoplast (gray), and the cytoplasm (blue). ALAS, 8-aminolevulinic acid synthase; ALAD, 8-aminolevulinic acid hydratase; PBGD, porphobilinogen deaminase;
UROD, uroporphyrinogen IIT decarboxylase; CPOX, coproporphyrinogen oxidase; PPOX, protoporphyrinogen oxidase; FECH, ferrochelatase. (B) Expression
profiling of selected transcripts of the Plasmodium heme biosynthesis pathway. RNAs isolated from day 10 oocysts, salivary gland sporozoites, cultured infected
hepatoma cells (24 or 48 h after infection), and mixed blood stages were analyzed by RT-qPCR using primers specific for ALAS, PBGD, and UROD. Expression
was normalized to the average levels of HSP70-1 and GFP transcripts. Shown is the mean expression (*standard deviation) from two independent experiments,

done in triplicate. Differences in expression between genes and between life cycle stages were not significant (P > 0.1; two-way analysis of variance).

is endemic, inhibits the cytochrome bc, complex (19-21). Inter-
estingly, the antimalarial activity of atovaquone-proguanil strictly
depends on arrest of the pyrimidine biosynthesis pathway by in-
direct inhibition of Plasmodium dihydroorotate dehydrogenase,
which relies on the ETC to recycle electrons (17, 22). On the other
hand, the respiratory activity of the Plasmodium ETC is essential
during parasite development in the Anopheles vector, as shown by
normal blood stage growth and complete arrest of oocyst devel-
opment in Plasmodium berghei mutants that contain targeted de-
letions of type II NADH:ubiquinone dehydrogenase or the ATP
synthase (3 subunit (23, 24).

Recent reports (25, 26) have refuted the longstanding notion
that Plasmodium de novo heme biosynthesis is essential for blood
stage development (27). Strikingly, heme scavenging from host
erythrocytes is important for parasite growth, as shown by refrac-
toriness to P. falciparum growth within ferrochelatase (FECH)-
deficient erythrocytes from individuals with erythropoietic proto-
porphyria (28). In good agreement with these natural genetics
data, vestigial heme synthesis in host erythrocytes can be exploited
for host-directed therapy of malaria (29).

As expected from the vital role of the Plasmodium ETC in the
mosquito vector, P. berghei and P. falciparum parasites that con-
tain targeted deletions of ALAS and of FECH, which catalyzes the
ultimate step in heme synthesis, displayed a complete arrest in
vector stage development (25, 26). Phenocopy of impaired cellu-
lar respiration by a dysfunctional heme biosynthesis is consistent
with the notion that Plasmodium hemoproteins function exclu-
sively in the ETC.

Loss of ALAS function could be rescued by exogenous supply
of aminolevulinic acid (ALA) and permitted the phenotypic anal-
ysis of heme biosynthesis beyond sporogony (25). The authors
reported a second, strictly essential role for heme synthesis in liver
stage development, but no conclusive evidence by robust assays
was provided. Therefore, the extent and details of a role for Plas-
modium heme biosynthesis in the liver stage remain elusive. Fur-
thermore, a potential contribution of the hepatocyte host pathway
has not been excluded. Together, the present data suggest a com-
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plex interplay between endogenous biosynthesis and auxotrophy
of heme during different phases of the life cycle. Because of the
therapeutic potential of targeting the acquisition of this indispens-
able molecule, further insights into the essentiality of Plasmodium
heme biosynthesis and potential scavenging mechanisms are nec-
essary.

In the present study, we profile the essentiality of two apico-
plast-localized enzymes of heme biosynthesis, PBGD and UROD,
during P. berghei life cycle progression and thereby reveal a previ-
ously undescribed role in sporozoite production and maturation.
Furthermore, we elucidate the role of an enzyme of heme biosyn-
thesis in liver stage development. A detailed analysis of alas™
sporozoites explores endogenous heme biosynthesis as a target for
causal-prophylactic treatment of Plasmodium infections.

MATERIALS AND METHODS

Ethics statement. All animal work was conducted in strict accordance
with the German Tierschutzgesetz in der Fassung vom 22. Juli 2009, which
implements Directive 2010/63/EU from the European Parliament and
Council (On the Protection of Animals Used for Scientific Purposes). The
protocol was approved by the ethics committee of the Berlin state author-
ities (LAGeSo, permit G0469/09).

Experimental animals, parasites, and cell lines. Female NMRI and
C57BL/6 mice were obtained from Charles River Laboratories (Sulzfeld,
Germany). Female Swiss mice were obtained from Janvier Labs (Le
Genest-Saint-Isle, France). Sporozoite and merosome infections were
performed with C57BL/6 or Swiss mice. All other parasite infections were
performed with NMRI mice. For complementation of alas™ parasites in
mice, the drinking water was supplemented with 0.1% 5-aminolevulinic
acid hydrochloride (ALA) (Sigma) at the time of infection. Anopheles
stephensi mosquitoes were raised under a 14-h-light/10-h-dark cycle at
28°C and 80% humidity and were fed daily on 10% sucrose. Complemen-
tation of alas™ parasites in mosquitoes was conducted with a 10% su-
crose-0.1% ALA feeding solution for durations indicated. Experimental
genetics assays were all performed in the P. berghei strain ANKA. For the
competitive growth assay, the Berred parasite reference line (30) was used
as a control. For all other experiments, the GFPcon line (31) was used as a
control. For the in vitro analysis of Plasmodium liver stage development,

iai.asm.org 3253

1senb Aq 6T0Z ‘T AInC uo /610 wise tel//:dny woiy papeojumod


http://iai.asm.org
http://iai.asm.org/

Rizopoulos et al.

human Huh7 hepatoma cells cultured in supplemented Dulbecco’s mod-
ified Eagle medium (DMEM) were used.

Generation of recombinant parasite lines. For the generation of
vectors targeting enzymes of the P. berghei heme biosynthesis path-
way, PBGD (CAAI01000436.1), UROD (CAAI01001735.1), ALAD
(CAAI01006632.1), and ALAS (CAAI01001041.1) (pHEME-ko), frag-
ments of the 3" and 5’ untranslated regions (UTRs) were amplified from
genomic DNA (gDNA) using gene-specific primers (see Table S1 in the
supplemental material). First, 3" fragments were cloned into the pBAT
vector (32), following restriction digestion with HindIII and Kpnl to gen-
erate intermediate constructs () HEME-im). Then, the 5’ UTR fragments
were digested with SacIl and EcoRV and cloned into the respective SaclI-
and Pvull-linearized pHEME-im constructs, thus removing the
mCherry-3XMyc tag. Finally, the pHEME-ko vectors were linearized
with Scal and Sall before transfection into P. berghei strain ANKA (wild-
type [wt]) parasites. Isolation of fluorescent parasites was performed as
previously described (33). Details on vector construction and genotyping
strategies, including primer sequences and restriction endonuclease rec-
ognition sites used for molecular cloning, are provided in Fig. 2 and in
Table S1 in the supplemental material.

Genotyping by diagnostic PCR and Southern blotting. Successful
integration was confirmed by standard diagnostic PCR (for primers, see
Table S1 in the supplemental material). In addition, genotypes of all iso-
genic knockout (ko) parasite lines were confirmed by Southern blotting
using the PCR DIG probe synthesis kit and the DIG luminescent detection
kit (Roche), according to the manufacturer’s protocol. For amplification
of the hybridization probe, the 3" homologous sequences used for targeted
integration of the transfection vectors (see Table S1) were used. The
pbgd—, urod™, or alas™ parasite-specific hybridization probes were an-
nealed to EcoRI-digested gDNA, resulting in bands of 10.3 kb (wt) and
15.3kb (pbgd™), 9.8 kb (wt) and 14.8 kb (urod ™), or 6.42 kb (wt) and 13.7
kb (alas™), respectively.

Plasmodium life cycle analysis. Blood feeding and mosquito dissec-
tions were performed as previously described (34). For comparative
quantification of green fluorescent protein (GFP)-expressing versus mer-
curochrome-stained oocysts, mosquito midguts infected with wt parasites
were isolated 10 days postinfection. First, midguts were imaged and im-
ages were later analyzed based on GFP-positive fluorescent signals. The
same midguts were subsequently stained with a 0.5% mercurochrome
solution for 10 min, and oocysts were counted. Hemolymph was obtained
by gentle lavage with RPMI medium via the thorax of anesthetized mos-
quitoes after removal of the distal abdominal segment. Midgut-, hemo-
coel-, and salivary gland-associated sporozoites were quantified at days
14, 16, and 18 to 20 after the infective blood meal, respectively. Bite-back
experiments were performed by exposing naive recipient mice to 3 to 9
infected mosquitoes. All other sporozoite infections of mice were per-
formed by intravenous injection into the tail vein of 10,000 sporozoites in
RPMI medium supplemented with 3% bovine serum albumin (BSA).
Patency and parasitemia were determined by daily examination of Gi-
emsa-stained thin blood smears or by flow cytometry, as previously de-
scribed (30). The development of signature symptoms of experimental
cerebral malaria (ECM) was monitored. Mice were diagnosed with onset
of ECM if they showed behavioral and functional abnormalities, such as
ataxia, paralysis, or convulsions (35). Mice were sacrificed immediately
after a diagnosis of ECM.

Real-time quantitative PCR (RT-qPCR). For detection of parasite
liver loads, livers of infected mice were removed 42 h after intravenous
sporozoite injection. For expression profiling, cDNA preparations from
midguts infected with day 10 oocysts, isolated salivary gland sporozoites,
infected Huh7 cells, and infected erythrocytes were used. Total RNA was
extracted from samples using TRIzol reagent (Invitrogen) or the RNeasy
kit (Qiagen) according to the manufacturer’s instructions. Reverse tran-
scription was performed using the RETROscript kit (Ambion). Real-time
PCR was performed in technical triplicates with the ABI 7500 sequence
detection system and Power SYBR green PCR master mix (Applied Bio-
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systems), as described previously (36, 37). Transcript-specific primers for
P. berghei 18S rRNA and mouse glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) were used for analysis of parasite liver load (see Table S1 in
the supplemental material). Transcript-specific primers for P. berghei
PBGD, UROD, ALAS, HSP70, and GFP were used for expression analysis
(see Table S1). Relative transcript abundance was determined using the
threshold cycle (272¢T) method. Expression data were normalized to the
ubiquitous endogenous transcript HSP70-1 (38) and the transgene tran-
script GFP (31), and liver loads were determined relative to the murine
GAPDH gene (39).

In vitro infections and siRNA. Huh?7 cells were seeded on 96-well
plates (Greiner) for small interfering RNA (siRNA) transfections and on
8-well chamber slides (Nalge Nunc International) for all other in vitro
infection experiments and infected with 5,000 or 10,000 sporozoites per
well, respectively. For siRNA knockdown, hepatoma cells were reverse
transfected with 12 nM target-specific or control siRNA sequences (Am-
bion; see Table S1 in the supplemental material) according to the manu-
facturer’s instructions. Cells were infected 48 h post-siRNA transfection.
The knockdown efficiency was assessed 48 h postinfection by RT-qPCR
using transcript-specific primers (see Table S1).

Immunofluorescence and microscopy. For the analysis of exoeryth-
rocytic forms, samples were fixed 24, 48, or 72 h after infection in —20°C
methanol or 4% paraformaldehyde (PFA) and labeled with monoclonal
mouse anti-P. berghei heat shock protein 70 (PbHSP70) (40) and poly-
clonal rabbit anti-P. berghei upregulated in infectious sporozoite gene 4
(PbUIS4) primary antibodies (41). For the staining of isolated sporozo-
ites, samples were fixed in 4% PFA and permeabilized with 1% Triton
X-100. Samples were then labeled with mouse antisporozoite antiserum
(kindly provided by Katja Mueller). Primary staining was followed by
Alexa 488- or Alexa 546-conjugated secondary antibodies (Invitrogen)
and Hoechst 33342 (Invitrogen). Slides were mounted with Fluoro-
mount-G (Southern Biotech). For the analysis of merosomes, samples
were harvested 72 h after infection by centrifugation and counted in a
Neubauer chamber.

Immunofluorescence assays, infected mosquito midguts, and isolated
merosomes were analyzed using a Zeiss Axio Observer.Z1 microscope
(Zeiss) equipped with a 5X/0.25, a 10X/0.45, and a 63X/1.2 oil immer-
sion lens. Pictures were collected with an AxioCam MRm (Zeiss) and the
Zeiss AxioVision software (Zeiss). Particle analysis and image processing
were done with the Fiji Image] software package.

RESULTS

Expression profiling of Plasmodium berghei heme biosynthesis
genes. We first assessed expression of three Plasmodium genes that
encode enzymes of early steps in heme biosynthesis during life
cycle progression (Fig. 1). We quantified transcript levels in rep-
resentative samples obtained from day 10 oocysts, salivary gland-
associated sporozoites, in vitro-cultured liver stages, and mixed
blood stages (Fig. 1B). With the exception of a slight, albeit non-
significant, downregulation of PBGD in oocysts and of UROD in
early liver stages, all three genes displayed uniform expression in
the invertebrate and vertebrate hosts. This finding indicates that
the heme biosynthesis pathway is ubiquitously expressed irrespec-
tive of the phase of the Plasmodium life cycle.

Heme biosynthesis is an almost universally conserved meta-
bolic pathway. As such, syntenic gene orthologs to ALAS, PBGD,
and UROD have been identified in Plasmodium species that cause
malaria in humans, such as P. falciparum and Plasmodium vivax,
as well as in Toxoplasma gondii, the causative agent of toxoplas-
mosis. A multiple-sequence alignment analysis revealed a high
degree of homology between these enzymes in the murine parasite
P. berghei and all three human pathogens (see Fig. S1 in the sup-
plemental material).
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FIG 2 Targeted deletions of three P. berghei genes for heme biosynthesis. (A) Replacement strategy for the deletion of PBGD, UROD, and ALAS. The respective
endogenous loci (HEME) were targeted with replacement plasmids (pHEME-ko) containing 5’ and 3’ regions (black) flanking the open reading frame (light gray
arrow), a high-expression GFP cassette (green), and the hDHFR-yFcu drug-selectable cassette (blue). Primer combinations specific for integration (5’ and 3’
INT) and wild-type (5" and 3" WT) loci, expected PCR fragments, and the Southern blot probe are indicated. (B) Diagnostic PCR-based genotyping of pbgd ™,
urod, urod ,, and alas™ parasites. Results of PCRs of wt before transfection or drug-selected and FACS-sorted parasites after transfection are shown to verify
successful deletion. The absence of wt-specific signals in the isogenic lines confirms the purity of the respective knockout parasite populations. Genotyping of
alas™ blood stage parasites shows no presence of wt-specific signals, including after completion of a full round in the life cycle by supplementation of infected A.
stephensi mosquitoes with aminolevulinic acid (ALA). (C) Southern blot analysis of the isogenic pbgd ™, urod ™, urod ,, and alas™ lines. The 3" homologous
sequences used for targeted integration of the transfection vectors (black bar in panel A) were used as probes and hybridized to Pstl/Nhel or EcoRI restriction-
digested gDNA of wt or knockout (heme™ ) parasites. The size shifts from wt fragments (gray arrowheads) to integration fragments (black arrowheads)

correspond to the predicted fragment lengths (dashed line in panel A).

Targeted deletion of P. berghei apicoplast-localized PBGD
and UROD but refractoriness of ALAD. To assess the functional
importance of parasite heme biosynthesis in the apicoplast, we
targeted PBGD and UROD by a genetic replacement strategy in P.
berghei (Fig. 2A). As inferred from successful deletion of other
heme biosynthesis target genes (25, 26) and a successful PBGD
knockoutin P. falciparum (29), both genes were readily deleted by
double homologous recombination, confirming their dispensable
nature during Plasmodium berghei blood infection in vivo. Next,
isogenic pbgd™ and urod ™ parasite lines were generated through
fluorescence-activated cell sorting (FACS) (33). The absence of
wild-type (wt) parasites in the isogenic knockout (ko) lines was
verified by diagnostic PCR and Southern blot analysis (Fig. 2B and
C). To compare the phenotypic profiles of our mutant lines, we
generated an additional alas™ parasite line, as reported previously
(25), and an independent urod  line, termed urod , (Fig. 2). Ad-
ditionally, we attempted to delete the third apicoplast-localized
heme biosynthesis enzyme, ALAD, but were unsuccessful (see Fig.
S2 in the supplemental material), indicating that this gene is in-
dispensable for asexual blood stage growth.

To analyze blood stage fitness of pbgd , urod , urod ,, and
alas™ parasites, we performed an intravital competitive growth
assay with a red fluorescent parasite reference line (30) (see Fig. S3
in the supplemental material). We observed no significant differ-
ences in the blood stage growth rate of ko parasites in comparison
to wild type (wt). In conclusion, initial steps of Plasmodium heme
synthesis in the apicoplast do not play an important role for par-
asite blood stage propagation in vivo.
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Normal mosquito colonization by pbgd™~, urod™, and alas™
parasites. We next followed the life cycle progression of all four
mutant parasite lines, pbgd ™, urod, urod ,, and alas™, in Anoph-
eles stephensi mosquitoes. After blood feeding on infected mice,
mosquito midguts were dissected and oocyst numbers were quan-
tified based on intrinsic GFP expression (Fig. 3). We noticed high
oocyst burdens in all infected mosquitoes, irrespective of the par-
asite line (Fig. 3A). Comparative quantification of oocyst numbers
revealed similar mean numbers for mosquitoes infected with wt,
pbgd, urod ™, urod™ ,, or alas™ parasites (Fig. 3B). These findings
show that disruption of Plasmodium heme biosynthesis in the api-
coplast does not affect oocyst formation in the mosquito midgut.

Our observations contrast with previous data (25, 26). In these
studies, classical mercurochrome staining detected only very few
oocysts in mosquitoes infected with P. berghei alas™ or fech™ par-
asites and none in mosquitoes infected with P. falciparum fech™
parasites. Therefore, we compared the traditional staining proto-
col to fluorescence-based imaging of transgenic parasites (see Fig.
S4 in the supplemental material). Detected oocyst numbers based
on GFP fluorescence were always considerably higher than those
detected by mercurochrome staining, strengthening the notion
that expression of the fluorescent reporter protein GFP permits
reliable analysis of mosquito colonization. Together, we can ex-
clude a role for endogenous Plasmodium heme biosynthesis in
midgut colonization and onset of sporogony.

Defective oocyst maturation of pbgd ™, urod—, and alas™ par-
asites. Careful examination of oocysts formed by the four ko lines
revealed a consistent and significant size reduction in comparison
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FIG 3 Plasmodium heme biosynthesis is dispensable for mosquito colonization but important for oocyst maturation. (A) Representative images of mosquito
midguts infected with wt, pbgd ™, urod™, urod™,, or alas™ oocysts. Infected mosquitoes were dissected 10 days after an infective blood meal. Images depict
GFP-expressing oocysts. Dashed lines outline the mosquito midguts. Mean oocyst numbers (*standard deviations) from at least four independent mosquito
feedings are displayed in the upper right. Bars, 200 pm. (B) Quantification of average oocyst number per infected mosquito for wt and mutant parasite lines.

Shown are mean oocyst numbers from at least four independent experiments. Differences were not significant (ns, P > 0.1; Kruskal-Wallis test followed by
Dunn’s posttest). (C) Quantification of mean oocyst size for wt and mutant parasite lines. Shown are mean oocyst sizes (*standard deviations) from at least three

independent experiments. ***, P < 0.001 (Sidak’s multiple-comparison test).

to wt. On day 10 after mosquito infection, wt oocysts grew to an
average size of ~350 wm?, whereas pbgd ~, urod”, urod ,, and
alas™ oocysts all reached a size of only ~250 um? (Fig. 3C). We
note that size distribution was indistinguishable between mutants,
consistent with their role within the same biosynthesis pathway.

When we performed the same analysis further into the oocyst
maturation process 4 days later, numbers of wt, pbgd ~, and urod ™
oocysts remained similar, averaging ~100 to 200 oocysts per mos-
quito (see Fig. S5A and B in the supplemental material). On the
other hand, analysis of oocyst sizes again revealed significant
growth differences (see Fig. S5C). On day 14 after infection, wt
oocysts had matured to their final size of ~600 wm?. In contrast,
pbgd™ and urod™ oocysts had grown to only ~400 wm?® Most
importantly, oocyst development was not completely arrested, as
shown by the continuous, albeit reduced, growth of pbgd™ and
urod oocysts. Together, our data show that ablation of endoge-
nous heme biosynthesis plays no detectable role in colonization of
mosquito midguts or initiation of oocyst development but leads to
defective oocyst maturation.

Impaired sporozoite production and complete life cycle ar-
rest after disruption of Plasmodium heme biosynthesis in the
apicoplast. We next quantified sporozoites in pbgd ™, urod™,
urod ,,and alas™ oocysts in comparison to wt-infected Anopheles
mosquitoes (Fig. 4). In good agreement with the small oocyst size,
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we detected a large (~10- to 20-fold) reduction in the numbers of
midgut-associated sporozoites (Fig. 4A). When liberated from
oocysts, sporozoites had a normal size and stained prominently
with mouse antisporozoite antiserum (Fig. 4B), suggesting that
principal establishment of oocyst polarity and sporozoite mor-
phogenesis are not affected by the absence of endogenous heme
biosynthesis.

In striking contrast, quantification of hemocoel- and salivary
gland-associated sporozoites revealed their complete absence in
pbgd™ and urod™ infections and infections with all four ko parasite
lines, respectively (Fig. 4A). The possibility of a delay in sporozoite
production by the heme biosynthesis-deficient parasites was ruled
out by the dissection of infected mosquito salivary glands at later
time points (day 26). Complete life cycle arrest prior to salivary
gland colonization was corroborated by transmission experi-
ments (Fig. 5). Specifically, exposure to Anopheles mosquitoes in-
fected with pbgd™ and urod™ parasites failed to establish a blood
stage infection in mice (Fig. 5A). Thus, we conclude that early
steps of heme biosynthesis in the apicoplast are necessary for the
production of infectious sporozoites and the transmission to the
mammalian host.

Complete recovery of life cycle progression by complemen-
tation with ALA during sporogony. To bypass the defect in
sporogony and examine a potential effect of parasite heme defi-
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FIG 4 Arrested sporozoite maturation in heme biosynthesis-deficient parasites. (A) Quantification of midgut-, hemocoel-, and salivary gland-associated
sporozoites. Values represent mean numbers (*standard deviations) of sporozoites recovered from infected mosquito midguts, hemocoel, or salivary glands
from at least three independent mosquito feeding experiments. **, P < 0.01; ***, P < 0.001 (Sidak’s multiple-comparison test). (B) Normal surface staining and
morphology of pbgd ~, urod ™, urod” ,, and alas™ midgut-associated sporozoites. Representative fluorescent images of wt and knockout sporozoites isolated from
infected mosquito midguts 14 days after an infective blood meal. Sporozoites were labeled with mouse antisporozoite antiserum. Bars, 5 pm.

ciency in Plasmodium liver stages, we complemented alas™ para-
sites with the product 8-aminolevulinic acid (ALA) as previously
described (25). Similarly to pbgd ~ and urod™ mutants, alas™ par-
asites produced low sporozoite numbers that failed to reach the
salivary glands (Fig. 4A). Accordingly, alas™ parasites could not be
transmitted to mice via natural bite (Fig. 5B). Complementation
with ALA for the full length of vector stage development restored
midgut- and salivary gland-associated sporozoite numbers to
near-wt levels (see Fig. S6 in the supplemental material).
Moreover, natural mosquito transmission of complemented
alas™ parasites resulted in a blood stage infection in the majority
(~75%) of mice (Fig. 5B). This finding contrasts with an earlier
study that reported absence of blood infection after mosquito
transmission of complemented alas™ parasite infections to out-
bred Swiss mice (25). Since the most likely reason for this discrep-
ancy is the very low susceptibility of Swiss-derived outbred mice to
sporozoite infections (42), we performed wt infections with Swiss
mice (see Fig. S7 in the supplemental material). In good agree-
ment with the published data (42), sporozoite-susceptible
C57BL/6 mice and sporozoite-resistant outbred Swiss mice differ
largely in their proportion of blood stage positive animals and
prepatent periods. Accordingly, unlike C57BL/6 mice (Fig. 5B and
6A), infections of Swiss mice with high numbers of alas™ sporo-
zoites did not lead to patency (see Fig. S7). To further exclude a wt
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contamination of our alas™ ko line, we genotyped the blood stage
parasites that developed after cycling through mosquitoes supple-
mented with ALA and observed no changes in the alas™ genotype
(Fig. 2B). Finally, to exclude potential carryover of ALA, we addi-
tionally conducted transmission experiments with mosquitoes
supplemented with ALA for the first 10 days of vector develop-
ment only. Importantly, this did not alter blood stage infectivity of
parasites in comparison to fully complemented alas™ parasites
(Fig. 5B). We conclude that bypassing the defects of alas™ para-
sites during sporogony results in infectious sporozoites, which are
able to complete liver stage development without an intact path-
way for parasite heme synthesis.

In stark contrast to omitting ALA supplementation late in the
vector stage, omitting ALA during the first 10 days of alas™ para-
site development in the mosquito resulted in failure to establish a
blood infection in >50% of the mice (Fig. 5B). Together, our
findings show that timing of ALA complementation affected
sporozoite infectivity and that endogenous synthesis of ALA is
essential only for sporogony.

Prominent auxiliary but dispensable role for parasite 8-ami-
nolevulinic acid synthesis during liver stage development. We
next performed intravenous injections of 10,000 salivary gland
sporozoites into susceptible C57BL/6 mice to corroborate our
findings from natural transmission. All mice injected with com-
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FIG 5 Rescueofalas™ defects by ALA supplementation during sporogony. (A) Kaplan-Meier analysis of time to blood stage infection upon natural transmission.
Mice were exposed to mosquitoes infected with wt (n = 5) or pbgd ™~ or urod™ (n = 11 each) parasites. Parasitemia was followed by microscopic examination of
daily Giemsa-stained thin blood films in two independent experiments. ***, P < 0.001 (Mantel-Cox and Gehan-Breslow-Wilcoxon tests). (B) Kaplan-Meier
analysis of time to blood stage infection. Mice were exposed to mosquitoes infected with wt (n = 9) or alas™ parasites that received different levels of ALA
complementation (n = 11 per group). Parasitemias were followed by microscopic examination of daily Giemsa-stained blood films in at least two independent
experiments. All survival curves of alas™ parasites differed significantly from wt (P < 0.001). ns, not significant; *, P < 0.05; ***, P < 0.001 (Mantel-Cox and
Gehan-Breslow-Wilcoxon tests).

plemented alas™ sporozoites developed a blood stage infection
with an average delay of 3 days, compared to wt-infected mice
(Fig. 6A). Importantly, alas™ parasites could be complemented in
vivo by supplementing the drinking water of infected mice with
ALA. This complementation led to a substantial reduction in the
time to patency of alas™ parasites, as blood stage parasites were

agreement with our past observations (43), a slow onset of blood
stage infection correlated with a lack of symptoms associated with
experimental cerebral malaria (ECM) (see Fig. S8 in the supple-
mental material). Consistent with our previous results, blood
stage growth of alas™ parasites was comparable to that of wt par-
asites (Fig. 6B). To examine the in vivo liver stage development of

heme biosynthesis-deficient parasites, we next used qPCR to
quantify the parasite load in livers of infected mice. As expected

detectable as early as 4 days after infection (Fig. 6A), demonstrat-
ing that liver stage parasites can scavenge exogenous ALA. In
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FIG 6 alas™ parasites can complete liver stage development in vivo. (A) Kaplan-Meier analysis of time to blood stage infection. Mice were intravenously injected
with 10,000 wt or alas™ sporozoites, with or without ALA supplementation. Parasitemia was followed by microscopic examination of daily Giemsa-stained blood
films. Shown are data from three independent experiments; wt, n = 9;alas—, n = 18;alas™ 5, n = 7. All survival curves differ from each other significantly (P <
0.001, Mantel-Cox and Gehan-Breslow-Wilcoxon tests). (B) Asexual blood stage development following intravenous injection of 10,000 sporozoites. Parasitemia
of recipient mice was monitored daily by examination of Giemsa-stained blood smears. Shown is mean parasitemia (*standard deviation) as a function of time
after patency. Data from two independent experiments; wt, n = 5; alas™, n = 16. Differences were not significant (two-way analysis of variance). (C) Quanti-
fication of liver infection load after sporozoite infection. Parasite liver load was determined by qPCR analysis of infected mouse livers (n = 10 per group)
harvested 42 h after intravenous injection of 10,000 wt or ALA-complemented alas™ sporozoites. Shown are the results from two independent experiments, each
conducted in triplicate. Relative expression of P. berghei 185 rRNA is normalized to mouse GAPDH transcript levels. **, P < 0.01 (two-way analysis of variance).
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were not significant (two-way analysis of variance).

from the delay in patency, the parasite load was significantly lower
in the absence of ALAS (Fig. 6C).

Since our in vivo findings established a prominent, albeit non-
lethal, deficiency in the preerythrocytic stage, we examined the
infectivity and development of the knockout parasites more
closely in vitro. First, we determined the infectivity of alas™ sporo-
zoites in cultured hepatoma cells (Fig. 7A). At early time points
(24 and 48 h postinfection), we found similar numbers of ko- and
wt-infected cells, indicating that alas™ sporozoites enter hepa-
toma cells efficiently. Quantification of sizes of exoerythrocytic
forms (EEFs) revealed that ALAS-deficient EEFs were significantly
smaller than wt (Fig. 7B and C). In line with this observation, we
found that 72 h after sporozoite inoculation, alas~ EEFs were still
abundantly present in the infected culture, whereas wt parasites
had already formed membrane-bound first-generation merozo-
ites, termed merosomes, and had egressed from host cells (Fig. 7A
and C). Despite this defect, alas™ parasites still formed mero-
somes, albeit in lower numbers (Fig. 7A). To determine the infec-
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tivity of alas™ merosomes, we harvested them from the culture
supernatant and intravenously injected them into mice. We no-
ticed an average delay of 2 days in mice that received alas™ mero-
somes compared to wt (Fig. 7D), but blood infection progressed
normally (Fig. 7E).

In conclusion, our data show that during liver stage develop-
ment Plasmodium benefits from but does not strictly rely upon
endogenous synthesis of 3-aminolevulinic acid.

Contribution of host heme biosynthesis to liver stage matu-
ration. To evaluate a potential role of host heme biosynthesis for
maturation of liver stage parasites, we used siRNA to disrupt the
host pathway at its rate-limiting step (Fig. 8). When hepatoma
cells transfected with three independent, specific siRNAs against
human ALASI were infected with alas™ parasites, we observed an
additive growth defect resulting in a significant (P < 0.02) de-
crease in parasite size with all three siRNAs compared to a negative
control (Fig. 8C and E). This finding points to a contribution of an
intact host heme synthesis pathway to liver stage development.
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FIG 8 Additive defects in alas™ infections of siRNA-treated hepatoma cells.
(A) Experiment timeline for siRNA knockdowns (KDs). Cells were reverse
transfected with different siRNAs on 96-well plates (d0) and infected with
5,000 sporozoites per well 48 h later (d2). Cells were either fixed for staining or
harvested for knockdown validation 48 h postinfection (d4). (B) Transcript
levels of host ALASI, after transfection with three different target-specific
siRNAs (s, to si;), compared to a negative control (si,,). Shown is the mean
relative expression (*standard deviation) from two independent experi-
ments, done in triplicate. Expression was normalized to human RPL13 tran-
script levels. Values are expressed as percentage of the negative control. (C)
Representative images of EEFs, 48 h after siRNA knockdown of ALASI and
subsequent infection with wt or alas™ sporozoites. Samples were labeled with
monoclonal mouse anti-PbHSP70, followed by Alexa 488-conjugated second-
ary antibodies and Hoechst staining. Bars, 50 pm. (D) Quantification of exo-
erythrocytic forms (EEFs), after siRNA knockdown of ALASI in cultured hep-
atoma cells, 48 h after infection with 5,000 wt (gray) or alas™ (green)
sporozoites. Values represent mean parasite numbers (*standard deviation)
per field of a 10X objective from three independent experiments. ns, P > 0.1
(two-way analysis of variance). (E) Quantification of EEF size in hepatoma
cells 48 h after infection with 5,000 wt (gray) or alas™ (green) sporozoites. A
minimum of 60 EEFs was quantified in each of three independent experi-
ments. Values represent mean size (*standard deviation). ***, P < 0.001; **,
P < 0.01; %, P < 0.05; ns, not significant (two-way analysis of variance).

Nevertheless, alas™ liver stages still reached a substantial size in
ALAS-depleted hepatoma cells (Fig. 8C and E). In contrast to
parasites with an impaired heme biosynthesis, growth of wt para-
sites was not affected by knockdown of human ALASI (2 out of 3
siRNAs), suggesting that wt parasites do not strictly rely on exog-
enous heme or heme intermediates (Fig. 8E). Similarly, numbers
of liver stage parasites remained normal regardless of the absence
of either host or parasite ALAS (Fig. 8D), fully supporting our
finding that a disrupted Plasmodium heme synthesis pathway does
not impair efficient hepatocyte invasion (Fig. 7A). As suggested by
the specific phenotypic changes induced by ALASI knockdown,
we could verify a reduction in transcript levels by >90% in siRNA-
treated cells compared to the negative control (Fig. 8B).
Together, our data indicate that disruption of either endogenous
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or host heme biosynthesis alone does not lead to a robust life cycle
arrest in the liver. Finally, our findings illustrate the metabolic flexi-
bility of Plasmodium liver stages that can utilize host resources to
complement or substitute endogenous synthesis of ALA.

DISCUSSION

The most important findings from our study are a distinct vital
role of endogenous Plasmodium heme biosynthesis in sporozoite
maturation and an important auxiliary, albeit dispensable, role of
the rate-limiting enzyme of the pathway, ALAS, in liver stage mat-
uration.

Despite previous assumptions, recent advancements have re-
vealed that Plasmodium de novo heme biosynthesis is an unsuit-
able target for conventional blood stage interventions (25, 26, 29).
A recent study has proposed targeting parasite heme biosynthesis
in the liver stage as an alternative therapeutic strategy (25). In
contrast to the previous study, we consistently detected blood
stage infections in mice inoculated with alas™ sporozoites. We
have shown that this discrepancy can likely be attributed to the
previous use of outbred Swiss mice, which are almost refractory to
expansion of wt parasites in the liver. An additional impairment of
alas™ parasites, as reported in our study, can lead to a complete
liver stage arrest in a nonmatched parasite-host system. Using
C57BL/6 mice, which are susceptible to sporozoite infections (42),
we can refute development of alas™ sporozoites as a candidate for
genetically attenuated parasites (GAPs). Moreover, we could
demonstrate that infection of hepatoma cells with alas™ sporozo-
ites leads to the formation of infectious merosomes. These mero-
somes also caused a blood stage infection when harvested from
cultured cell supernatants and injected into mice. The observed
delay in patency is consistent with our results from sporozoite
injections and quantification of parasite liver load. We speculate
that limited availability of heme likely impairs the function of the
ETC and, by extension, affects pyrimidine synthesis or ATP-de-
pendent processes, such as mitosis and cytokinesis.

Recent studies strongly suggest that Plasmodium parasites have
mechanisms for the scavenging of host heme from infected eryth-
rocytes (25, 26, 29). While heme availability is lower in the hepa-
tocyte host, we provide evidence that an intact host pathway can
contribute to liver stage development. In blood stages, parasites
have the capacity to import and utilize intermediates of heme
biosynthesis that were produced by host enzymes (29), a scenario
which could apply to liver stage parasites as well. Our data strongly
suggest that liver stage Plasmodium can scavenge ALA from the
host environment. Whether liver stage parasites can also import
heme or other heme intermediates and whether scavenging is con-
stitutive in wt parasites or specifically regulated in the absence of
endogenous resources remain interesting questions for future
studies.

All three mutants that we generated in the present study dis-
played a distinct and complete life cycle arrest between midgut-
associated sporozoites and salivary gland invasion. It is important
to highlight that previous studies reported a failure in oocyst for-
mation (25, 26), which we can confidently exclude. One explana-
tion for this discrepancy is that different methods were used for
oocyst quantification. A clear distinction between oocysts and
vacuolar cells of Anopheles midguts remains challenging with tra-
ditional staining methods, particularly when oocyst sizes are af-
fected. We show for the first time that infections with pbgd ™,
urod ,and alas~ parasites lead to normal mosquito midgut colo-
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nization and an impairment in oocyst maturation. Despite this
defect, mutant oocysts can produce sporozoites, but these do not
seem to be released into the mosquito hemocoel and, as a conse-
quence, cannot colonize the final organ, salivary glands. We also
note that alas™ parasites responded differently to early versus late
complementation with ALA in the mosquito. Although this dif-
ferential treatment led to the production of comparable sporozo-
ite numbers, alas™ parasites that lacked ALA during the first 10
days of their vector stage development did not infect mice as effi-
ciently. While this finding indicates a particular reliance on the
endogenous synthesis of ALA in the early stages of oocyst matu-
ration, further investigation is needed to resolve this observation.

By targeted deletion of PBGD and UROD, our study has also
substantiated a role for apicoplast-localized proteins in parasite
development in the mosquito. We wish to note that our attempts
to delete the third apicoplast-localized heme biosynthesis enzyme,
d-aminolevulinic acid dehydratase (ALAD), were unsuccessful.
While we cannot formally exclude inaccessibility of the ALAD
locus to gene manipulation, we consider it likely that this gene is
indispensable for asexual blood stage growth. ALAD shares its
apicoplast-targeting sequence with a stromal processing peptidase
(SPP) through an alternative splice site (44) (see Fig. S2A in the
supplemental material), and precise mutations of the two alterna-
tive splice products are needed to disentangle the individual roles
for parasite propagation. The majority of apicoplast-localized
proteins appear to be essential either for blood infection (e.g., key
enzymes of [Fe-S] biosynthesis [45]) or during liver stage devel-
opment (e.g., pyruvate dehydrogenase [PDH] [46], Plasmodium-
specific apicoplast protein important for liver merozoite forma-
tion [PALM] [43], and enzymes of phosphatidic acid biosynthesis
[47]). Together with FABI and FABB/F of the fatty acid biosyn-
thesis pathway (48), PBGD and UROD are the first apicoplast
proteins with distinct essential functions during vector stage de-
velopment, highlighting the specific roles of apicoplast metabo-
lism at various phases in the complex life cycle.

Collectively, our findings show that enzymes of Plasmodium
heme biosynthesis are essential only for oocyst and sporozoite
maturation. An intact parasite pathway for heme biosynthesis and
the endogenous synthesis of ALA are beneficial but not essential
during liver stage development. Together, our experimental ge-
netics study exemplifies that metabolic flexibility varies greatly
depending on the host and life cycle progression and that robust
phenotyping assays are vital for target validation.
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